Mesoporous solids, which were prepared from inorganic-surfactant mesostructured materials, have been investigated due to their very large surface area and high porosity, pore size uniformity and variation, periodic pore arrangement and possible pore surface modification. Morphosyntheses from macroscopic morphologies such as bulk monolith and films, to nanoscopic ones, nanoparticles and their stable suspension, make mesoporous materials more attractive for applications and detailed characterization. This class of materials has been studied for such applications as adsorbents and catalysts, and later on, for optical, electronic, environmental and bio-related ones. This review summarizes the studies on the chemistry of mesoporous silica and functional guest species (host-guest chemistry) to highlight the present status and future applications of the host-guest hybrids.
Introduction
Template syntheses have been employed as means of structural design of the materials from nanoscopic to macroscopic size regime. Surfactant aggregates (surfactant mesophases) were found to be useful to produce mesoscopic structures.
The preparation method, characterization and application of mesoporous silicas and other mesostructured and mesoporous solids have been a hot topic in current materials chemistry after the discovery of mesoporous silicas (M41S and folded sheet mesoporous silica, FSM). The periodic mesostructures are prepared by the complexation of silica source with such surfactants as quaternary ammonium salts and block copolymers as templates (structure directing agents) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The inorganic-surfactant mesostructured materials are transformed into mesoporous solids by removal of the templates upon calcination or extraction. Since the template structures and the synthetic conditions are correlated with the mesostructures of the surfactant aggregates, the careful optimization of such | National Institute for Materials Science Science and Technology of Advanced Materials Sci. Technol. Adv. Mater. 16 (2015) 054201 (17pp) doi:10.1088/1468-6996/16/5/054201 4 Author to whom any correspondence should be addressed.
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. synthetic parameters as concentration, temperature, pressure, duration and way of heating provides well-defined mesopores with varied shapes and inter-connection. Available pore size ranges from 1 nm to several tens of nm, keeping narrow pore size distribution. The periodically arranged pore system is another characteristic of the surfactant templated mesoporous solids, which is a requirement to achieve large surface area and porosity. The surface of mesopores can be tailored chemically and geometrically with covalently bound organic functional unit by means of direct synthesis using organosilane as a building block or post-synthetic grafting reactions [9, 10] .
In addition to the structural and the compositional variations mentioned above, the morphosyntheses have mesoporous silicas more attractive for application in optics, electronics, and medical and biological fields [3, 4, 15] . Coating films, which are useful morphologies for optical, electronic and sensing devices, and self-standing films are available [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . There is significant progress in designing the structural regularity and anisotropy, in addition to the microfabrication of mesoporous silica films using anisotropic substrates [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Besides the coating on flat substrates, the deposition of thin mesostructured and mesoporous silica layers on various functional powders has been achieved for constructing multi-functional core-shell particles [47] [48] [49] [50] [51] [52] . The sol-gel process has been applied to obtain such macroscopic shapes as bubble, self-standing film, monolith and fiber [24, 26, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . It is also possible to control the morphology of particles precisely and systematically. Mono-dispersed spherical particles of mesoporous silicas with the particle size range of several tens of nm to a few micrometers are available [3, 4] .
Thanks to the hierarchical structural and morphological variations (with periodic structure and well-defined morphology) and the possible chemical reactions in the mesostructures, a wide variety of host-guest systems have been prepared [5-7, 9-12, 64-66] . The relationship between the structure and the properties has been examined extensively. There are so many candidates of guest species to be confined in the nanospace for transformation, stabilization, storage and release, and functionalization of the nanospace, starting from ion/molecule, polymer and biopolymer to nanoparticles of metals and compounds. These guest species have been hybridized with mesoporous silicas by means of adsorption or grafting onto the pre-formed mesoporous silicas, simple impregnation and the in situ formation (polymerization and growth) in the mesopore. It is also possible to obtain hybrids by co-precipitation (co-polymerization) of guest species with silica sources during the synthesis of the precursors of mesoporous materials (inorganic-surfactant mesostructures). Multiple functionalization has also been done by grafting various functional groups [64, 65] and by sequential modification of functional groups bound to the surface by socalled 'click chemistry' [67] [68] [69] .
In this review, we will overview the present status and future directions of the host-guest chemistry composed of mesoporous silicas with emphasis on the possible effects of the confinements of molecular guest species in nanospaces for the emerging new function as well as the optimization of the known functions. We have recently published a micro-review discussing the spatial distribution (location, density, and orientation) of the organic functional units/guest species in mesoporous silicas (mainly one-dimensional cylindrical mesoporous solids) [70] . In addition, some articles focused on the location of the functional units/guest species are available: on the external/internal surface [66, 71, 72] , at the entrance to the mesopore [73] , in the mesopore, and in the framework. In this review, we discuss the host-guest systems based on mesoporous silicas in a more general way with more detailed examples.
The introduction of guest species into mesostructured materials will be classified into two: (i) the introduction of guest species into silica-surfactant mesostructures and (ii) the introduction of guest species into the mesoporous solids ( figure 1) . One of the most important differences between the two systems is the possible remaining nanospace in the materials. In the silica-surfactant mesostructures containing guest species (i), the access and diffusion of the guest species are limited because the nanospace was filled with surfactants. If compared with the materials (i), on the other hand, the guest species (reactant in the catalysts' application or target to be detected in the sensor application) can easily access and diffuse in the remaining nanospace (ii). In this review, we will classify the mesoporous silica-based host-guest systems from the viewpoint of the remaining pore.
Host-guest systems with filled mesostructures
There are three approaches for the introduction of guest species/functional units into the host-guest systems based on silica-surfactant mesostructures: (1) solidification from precursor solution containing soluble silica source and surfactant with dissolved functional guest species; (2) complexation of silica source with amphiphilic molecules working as supramolecular template and functional unit; and (3) polymerization of organosilanes bearing covalently bound functional units with surfactant (co-polymerization of functional organosilanes with tetraethoxysilane has also been employed). It is possible to convert the inorganic-surfactant mesostructured materials prepared by approach 3 to mesoporous ones by template removal keeping the organic functionality. The materials obtained by approaches 1 and 2 can also be transformed into mesoporous silicas after the extraction (or decomposition) of guest species. In these cases, the guest species were only used to modify the shape and size of the resulting mesopore. This method was the very first approach to complex dyes with silica-surfactant mesostructured materials (the image is shown in figure 2) . Hydrophobic dyes such as pyrene and pyranine have been incorporated as luminescence probes into silica-surfactant mesostructured materials. Photoluminescence spectra (monomer to excimer intensity ratio) showed that pyrene was incorporated into the hydrophobic part (probably surrounded by alkyl chains of surfactant) of the silica-C 16 TAC (hexadecyltrimethylammonium chloride, hereafter abbreviated as C 16 TAC) mesostructured materials without aggregation even at a high loading level; the molar ratio of included pyrene to surfactant (C 16 TAC) was as high as 1:9, which is extremely high if compared with their solubilization into surfactant mesophases in aqueous solutions [74, 75] . Pyrene was solubilized molecularly in the silica-C 16 TAC mesostructured material and the diffusion of pyrene was restricted significantly. The mesophase of C 16 TAC aggregate was determined by the synthetic conditions (mainly the concentration and the silica to surfactant ratio) and the transformation between mesophases (for example, lamellar, hexagonal and cubic) was less plausible after the solidification with silica.
Based on the spectroscopic characteristics of the included probe molecules, the thermal phase transition and the formation mechanisms (or processes) of silica-surfactant mesostructured materials have been discussed [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . The pyrene luminescence (monomer to excimer intensity ratio) as a function of temperature revealed that the microviscosity of the microenvironments surrounding the probe molecule (surfactant mesostructures immobilized by silica) was lower at lower temperature. This was also indicated by the temperature-dependent changes of the infrared absorption bands due to CH stretching vibration [75] . Thus, the photoluminescence probe study using pyrene provided a fundamental understanding of silica-C 16 TAC mesostructured materials films in the following ways: (a) inclusion capacity for the guest is comparable if compared with that for C 16 TAC aggregates in aqueous C 16 TAC solution (it will be different when applying different surfactant and guest); (b) the guest was molecularly isolated surrounded by the alkyl chain; (c) limited diffusion of guest due to the dense packing of C 16 TAC; (d) transition of gel-to-liquid crystalline states was observed; (e) the transformation between different mesophases is less plausible if compared with surfactant aggregates in solution.
The solidification from precursor solution containing soluble silica source and surfactant with dissolved functional species mentioned above has been utilized to prepare hybrids with immobilized functional dyes. Chlorophyll and phthalocyanines have been employed to construct the silica-surfactant mesostructures, where the dye aggregation was suppressed as indicated by the visible absorption spectra of the solid products [79] [80] [81] [82] . Luminescence of pyranine was utilized to examine the formation of mesostructure during dip-coating of the precursor solution containing soluble silica source and surfactant with dissolved pyranine on substrate by solvent evaporation [77, 83] .
Rhodamines have been immobilized into optically transparent solids (organic polymers and silica gels) for the application to solid-state lasing device. Hoppe et al has reported, for the first time, the inclusion of rhodamine B into a mesoporous silica, titanium-containing MCM-41 [80] . Marlow et al synthesized rhodamine 6G included silicahexadecyltrimethylammonium bromide (C 16 TAB) mesostructured materials in the form of fiber [84] and investigated the photoemission from the fiber as a function of pump intensity utilizing second harmonic of a Nd:YAG laser (532 nm). Later on, rhodamine 6G was incorporated into silica-block copolymer ((polyethylene oxide)-(polypropylene oxide)-(polyethylene oxide), PEO-PPO-PEO, product name P123) hybrids to observe amplified spontaneous emission [85] . It should be noted here that since it is possible to obtain silica-tri-block copolymer composites as macroscopically controlled morphologies (film and monolith), accordingly the optical application and the detailed characterization are more realizable.
The patterning of mesoporous films by means of such techniques as x-ray lithography, scanning probe microscopy and imprinting methods is an important way for the miniaturization of electronic, optoelectronic and magnetic devices. Among available synthetic methods, 'soft lithographic approaches' have been employed to construct hierarchically designed nanoscopic materials. Trau et al reported patterning of mesoporous silica films by the micro-molding in capillaries (MIMIC) technique [86] to prepare a network of capillaries. Placing an elastomeric stamp in contact with a flat substrate for designed relief features, pouring into the mold an acidic precursor solution of silica-C 16 TAC and transferring the resulting materials by wicking provided the networked channel structures where cylindrical mesopores aligned parallel to the capillary walls. The patterned films containing rhodamine 6G showed amplified spontaneous emission, opening up the potential for the fabrication of integrated optical circuits [87, 88] .
Photochromic reactions of spiropyran and spirooxazine included into silica-triblock copolymer (P123) mesostructured films, probably at the organic domain, prepared by dip-coating using dye-dissolved sol-gel precursor solution, were investigated [89] . When the dye content (or capacity) was low, thick films could be obtained, which led to an absorbance large enough to evaluate photochemical reactions by conventional instruments. The resulting materials exhibited typical photochromism of spiropyran or spirooxazine, between colorless and colored upon UV irradiation and thermal bleaching. It was claimed that the response time required for the spirooxazine to the colored form by light irradiation was very fast, making the materials attractive for optical recording (rapid recording). Ariga used oligopeptidefunctionalized surfactant (figure 3) to be complexed with silica, and the resulting mesostructured silica hybrid film was shown to accommodate spiropyran [90] .
For the optical and photochemical applications of the dye-containing silica-surfactant mesostructured materials, the limited capacity of the dye (guest) is not an important problem because dye generally possessed a large enough extinction coefficient to be easily detected by optical spectroscopy and in the case of film, the thickness can be tailored to obtain sufficient absorption. Thus, silica-surfactant mesostructured materials are attractive host materials for luminescent and photochromic dyes. The covalently bound (grafted) photochromic moieties on the mesopore surface of mesoporous silicas (not silica-surfactant mesostructures) have another possibility toward various photoresponsive materials, which will be discussed in the latter part of this review.
A rigidochromic dye, bathophenanthroline disulfonic acid disodium salt (ClRe(I)(CO) 3 ), was embedded in MCM-41 from the precursor of MCM-41 and the states of the dye in silica-C 16 TAB was investigated as a function of pressure [91] . The luminescence-spectra changes as a function of pressure (rigidochromic property) of ClRe(I)(CO) 3 suggested that the molecular environments in the surfactant aggregate retained some fluidity up to about 10 GPa. It was postulated that the embedded dye was protected by the rigid silica framework to probe the surrounding environments under high pressure.
A molecular photoacid generator, diaryliodonium hexafluoroantimonate (figure 4), was compartmentalized into a film of silica-surfactant mesostructure [92] . The photoacid generator was dissolved in an oxyethylene surfactant, Brij 56, solution and subsequently mixed with silica sol to give the precursor solution. From the precursor solution, thin films were prepared by solvent evaporation. Acid-catalyzed siloxane condensation was promoted on the regions where ultraviolet light was irradiated, resulting in selective etching of unexposed regions.
The solubilization of various molecular species into surfactant aggregates in solutions such as micelle and vesicle as well as those on substrates (e.g. Langmuir-Blodgett film) has been studied extensively [93] [94] [95] . As to the synthetic chemistry of mesoporous materials, trimethylbenzene and alkane were solubilized into the quaternary ammonium surfactant during the preparation of MCM-41 in order to expand the pore size [96] . Polyglycerol esters of fatty acids were swollen with ndecane to be used as template for mesoporous silica microsphere with the interconnected pore from the exterior to interior [97] . Furthermore, surfactant mixtures with different alkylchain length were used as a mesostructure template to control pore size precisely [98] . Cationic and anionic surfactant mixture was shown to be useful for the nanostructure design [99] . Thus, the solubilization (or dissolution) of guest species into surfactant aggregate (mesophase) has been conducted not only as a way to incorporate guest species into inorganic-surfactant mesostructured materials but also from the viewpoints of designing the size, shape, and interconnection of mesopore. It is also interesting to see what will happen when the swelling agent is removed from the silica-surfactant mesostructure leaving surfactant in the products.
Approach 2: complexation of silica with amphiphilic molecules containing functional groups
By hybridization of amphiphilic functional compounds with silica source through sol-gel process, a mesostructured hybrid with densely packed functional units can be obtained ( figure 5(a) ). The possible dense packing of functional units with periodicity is an important difference between approaches 1 (incorporation of guest species into silicasurfactant mesostructured materials) and 2 (hybridization of amphiphilic functional compounds with silica). Amphiphilic metallophthalocyanine was allowed to react with tetraethoxysilane for condensation to give one-dimensional ordered stacking of molecular disk (metallophthalocyanine) [100] . Copper phthalocyanines were stacked as a single column isolated by a silica wall. One-dimensional columnar charge transfer (CT) complexes were immobilized in mesostructured silica film by sol-gel reaction of the CT complexes of an amphiphilic triphenylene donor and several acceptors [101] . The CT complexes exhibited absorption red-shift, suggesting a long-range structural order in the products, which reflects densely packed CT complex maintained by silica. Amphiphilic ferrocene, ferrocenyl-trimethylundecylammonium, was also employed to produce potentially redox active composites with electrochemical interests [102] .
Polymerization of monomers in the solid-state (after complexed with silica) requires appropriate dense packing of monomer ( figure 5(b) ). Conjugated polymer-silica mesostructured materials have been prepared using amphiphilic diacetylene monomers [103] [104] [105] [106] . Mesostructures (lamellar, hexagonal and cubic) of the silica-diacetylene mesostructured materials were designed by the head groups of the amphiphilic compounds, since the proximity of the diacetylene moieties strongly influences the polymerization process. The effect of the mesostructures on the polymerization of diacetylene was demonstrated by the fact that the polymerization of diacetylene was preceded for the lamellar and hexagonal mesophases by UV irradiation and subsequent heat treatment, while polymerization was inhibited for the cubic mesophase. The packing of the diacetylene moieties in the lamellar and hexagonal mesostructured materials allowed topochemical polymerization to produce colored polydiacetylene. The design of the diacetylene moiety and the hybridization with silica led to optically transparent polydiacetylene-silica mesostructured materials, which are mechanically robust if compared with conventional pristine polydiacetylene. The color of the hybrid materials changed in response to thermal, mechanical and chemical stimuli, which may be useful for their application as sensors of various targets.
One of the advantages of the hybrids of amphiphilic functional compounds is the densely packed periodic mesostructures, which made the efficient intermolecular interactions (and subsequent polymerization and CT complexation) possible. Since various amphiphilic functional molecules containing a long chain alkyl group as the hydrophobic part and an ionic or polar group as the hydrophilic part are available, approach 2 is versatile and can be combined with approaches 1 and 3 for further variation of the materials. Mesoporous materials were also obtained by the removal of the amphiphilic functional compounds (which act both as structure directing agents and functional guest species) from the hybrids (approach 2) by calcination, as exemplified by the amphiphilic metallophthalocyanine-silica hybrids, which were transformed into mesoporous silica with the pore radius of ca. Using organosilanes bearing covalently bound functional units as a silica source, mesostructured organosilicas have been also synthesized via condensation [107] : direct (one-pot) synthesis by condensation of functional organosilicon compounds: co-condensation of tetraalkoxysilanes (tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) are commonly used) and organically functionalized trialkoxysilanes (figure 6). Films of mesostructured organosilica were also available by solvent evaporation methods (evaporation induced self-assembly) [108, 109] . Polymerization of some bis(triethoxysilyl)organic precursors containing the bridging organic groups in the presence of surfactants under appropriate reaction conditions (concentration, solvent, temperature etc) resulted in the mesostructured organosilicas with periodic mesostructures where organic functional groups arrange in a periodic manner to form organic-inorganic (semi)crystalline frameworks [110] . The combination of the approaches 2 and 3 (direct synthesis using functionalized organosilane and functional amphiphilic molecule) has also been employed to construct the mesostructures for efficient electron/energy transfer between the functional unit of amphiphilic surfactant (working as supramolecular templates) and that bound to the mesopore surface [111] [112] [113] .
In addition to the preparation of the host-guest hybrid materials with filled mesostructures, the direct synthesis method is useful to prepare surface functionalized mesoporous silica; by careful extraction of template subsequent to the stabilization of the mesostructures by the condensation, mesoporous organosilicas were obtained. After the pioneering study by Inagaki et al this class of materials was designated as periodic mesoporous organosilicas (PMO) [114] . The crystalline structures in the frameworks of PMO are determined by the structures of organic functionality bound with siloxane, so that the compositional and orientational variation of organic functionality in PMO is limited. The synthetic conditions, where inorganic condensation and template self-assembly compete, also play important roles to obtain highly periodic mesostructures. The host-guest chemistry of PMO will be discussed with some examples in section 3 of the present review.
Patterning mesostructured silica surfactants by means of pen lithography, ink-jet printing and dip-coating techniques through self-assembling of 'ink' have been conducted previously [115] . Organically modified mesoporous silica films were patterned by the technique from the 'ink' containing soluble organoalkoxysilane oligomer, which was prepared under acidic conditions and with surfactant in ethanol/water mixture. Organosilanes bearing covalently bound functional groups such as tridecafluoro-1,1,2,2-tetrahydrooctyl, aminopropyl and mercaptopropyl groups were employed. The patterning and the mesostructure formation occurred simultaneously during drying the 'ink'. From the patterned mesostructured films, surfactant was successfully removed by pyrolysis or solvent extraction without degrading the organic moiety covalently bound to the Si atom, indicating the thermal and chemical stability of the organic moiety which is covalently bound to the silica network. The states and functions of the remaining organic groups in the resulting mesoporous materials have been discussed.
Viologen moiety was covalently bound to the siloxane network and the photoreduction of the viologen was observed [116] [117] [118] . The sample was synthesized from viologen-bound trialkoxysilane and C 16 TAB. Photochemical reaction was conducted for the as-synthesized materials containing C 16 TAB. Though the mechanism of the photoreduction was not explained clearly, the photoreduction of viologen in the mesostructured materials are worth investigating further for the construction of efficient photoinduced electron transfer systems partly for future artificial photosynthesis application. The surfactant was removed to obtain viologen-containing porous organosilica with the BET surface area of ca. 900 m 2 g −1
; however, photochemical reaction was not reported for the porous organosilica.
Self-assembly of long chain alkyltrialkoxysilane was conducted, where alkyl group was bound to Si atom, and during the condensation, they self-assembled into periodic mesostructures [107, [119] [120] [121] . Various alkylalkoxysilanes have been synthesized and polymerized to obtain periodic mesostructures, which has been reviewed previously [107, 119] .
Spatial distribution (location, density and orientation) of the guest species for designing open mesopore
Silica-surfactant mesostructured materials were discussed in section 2 as functional host-guest systems. For their applications as catalysts, sensors, reservoirs and carriers of drugs, the guest species (functional units) immobilized in mesoporous materials are more attractive from the viewpoints of reactant access, diffusion and molecular selectivity in catalyst and sensor application, large capacity and controlled release for reservoir and drug delivery applications and so on. In order to modify the characteristics of the host-guest hybrids, the spatial distribution (location, density and orientation) as well as the diffusion of the guest species are parameters to be concerned ( figure 7) . Accordingly, various functional units (guest species) have been immobilized in mesoporous silicas: in the silica framework, on the mesopore surface and on the external surface of the materials. The introduction of such heteroelements as Al, Ti and Fe into mesoporous silicas has been conducted to impart catalytic functions on the mesoporous materials and to control the surface chemical properties [122, 123] . The shape and size of the mesopore are not altered significantly by the heteroelement introduction into the silica framework under the carefully determined synthetic conditions, as indicated by the nitrogen adsorption/desorption isotherms. Moreover, the transmission electron microscopy and nitrogen adsorption/ desorption data provide information on the mesoporous structures by the same way used for the siliceous mesoporous materials. If compared with the introduction of heteroelements onto the mesopore surface by the adsorption from solution, the direct synthesis is characterized by simple preparation (one-pot synthesis) and possible controlled location of the doped heteroelement in the silica framework.
Titanium-containing mesoporous silicas have been synthesized by direct synthetic or post synthetic methods using surfactant and molecular precursors containing titanium. The states of the doped titanium have been examined for the optimization of catalytic performances [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] . The immobilization of titanium dioxide particles inside the mesopore is also a topic of interest and is described later. Various spectroscopic techniques including UV-vis absorption, photoluminescence and x-ray absorption fine structure (XAFS) have been employed to evaluate the states of the doped titanium species. As an example, titanium-containing nanoporous silica films were prepared by the solvent evaporation method. UV-vis absorption, photoluminescence and XAFS spectroscopy showed that the doped titanium exists as an isolated one with tetrahedrally coordinated oxygen in the silica framework (the tetrahedrally coordinated isolated titanium is a known a photocatalytically active species) [133] [134] [135] [136] . The titanium-containing nanoporous silica film photocatalytically converted CO 2 and H 2 O into CH 4 and CH 3 OH with high selectivity for the formation of CH 3 OH, showing the characteristic reactivity of the charge transfer excited complexes of the tetrahedral coordinated titanium oxide species. The heteroelement-containing mesoporous silicas are possible catalysts for various reactions. It should be noted here that the attachment of molecular or clustered titanium species to the mesopore using titanium complexes through impregnation as well as coordination changes the shape of the original mesopore to some extent. Detailed characterization of the remaining pore (shape and size) after the post-synthetic introduction of titanium species was not well understood.
Another example of the functional units in the mesoporous silica frameworks (silica wall) is PMOs [110, 114] . Coprecipitation of bis(triethoxysilyl)organic precursors and surfactants (template) results in the mesostructured organosilicas where the organic groups take periodic arrangements to form organic-inorganic semi-crystalline frameworks. Mesoporous organosilicas can be obtained after the template extraction. Recently, the immobilization of molecular catalysts into PMO was investigated toward artificial photosyntheses [137] [138] [139] [140] . Photoinduced energy transfer from the organic group occluded inside the framework of organosilica (PMO) with periodic manner to the molecular catalyst inside the mesopore (antenna function) was utilized for the reduction of carbon dioxide. To put it plainly, the PMO acted not only as a scaffold to accommodate molecular catalysts but also a photosensitizer to construct a light-harvesting system. The mesopore provided the space for the immobilization of catalysts and for the diffusion of reactants and products.
Guest species inside the mesopore
Besides the functional units in the silica framework, guest species may exist on the mesopore surface. In this case, the mesopore can be partially occupied by the guest species to provide nanospace surrounded by the silica and the guest, or can be fully occupied by the guest as schematically shown in figure 8 . The guest species can be located inside the mesopore as isolated molecules, monolayer, cluster (molecular aggregate), or completely filling state. The ways to attach guest species on the mesopore surfaces can be classified into two: (1) adsorption of nonionic or cationic species on mesopore; and (2) covalent binding of functional unit, for example, using functionalized alkoxysilane. For the covalent bindings, both direct (one-pot) synthetic and post-synthetic grafting methods are applicable as mentioned above.
The adsorption of solvatochromic dyes onto MCM-41 was conducted by Spange et al, in order to probe the polarity of the mesopore surface [141] . The spectroscopic characteristics of the solvatochromic dyes, 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate, dicyanobis(1,10) phenanthroline)iron(II) and Michler's ketone (figure 9) varied reflecting the dye-surface interactions. It was proposed that the polarity of the mesopore surface of MCM-41 can be quantitatively described by the following three terms: the dipolarity/polarizability, the hydrogen-bonddonating ability and the hydrogen-bond-accepting ability. The dipolarity/polarizability of the mesopore surface was temperature independent, while the hydrogen-bond-donating ability was larger at lower temperature. It should be noted here that the surface properties of the mesopore are determined by not only the three terms (the dipolarity/polarizability, the hydrogen-bond-donating ability and the hydrogen-bond-accepting ability) but also other parameters. It is required to carefully discuss the surface under controlled experimental conditions (temperature, pressure, humidity etc).
The adsorption of basic species has been conducted through electrostatic interactions with the silanol group on the pore surface [12] . The states of the dye can be discussed based on the spectroscopic characteristics (intensity, wavelength, decay and anisotropy) even at very low loading. The photoluminescence of coumarin 540 adsorbed in MCM-41 by thermal diffusion in a vacuum was investigated to see luminescence red-shift, indicating the possible interactions between the dye and the mesopore surface [142] . The photophysical properties of 2,4,6-triphenylpyrylium and parasubstituted tritylium ions encapsulated in MCM-41 was investigated [143] to show that the luminescence and transient triplet-triplet excited-state absorption spectra of 2,4,6-triphenylpyrylium ion in MCM-41 are similar to those in solution, while a dramatic enhancement of the emission intensity was observed for 2,4,6-triphenylpyrylium ion in MCM-41. Such spectroscopic study (both absorption and luminescence) is useful to probe the chemistry of surface and can be applied for other mesoporous materials. In general, very low dye loading was favorable to study the host-guest interactions to avoid the effects of guest-guest interactions. It is also interesting to investigate the effects of the surface modification, while it is not straightforward to discuss the differences due to such additional factors as guest-guest interactions and pore size effects on the states of the guest species.
As to the host-guest systems where the guest exists only inside the mesopore, the amount and distribution of guests are topics of interests for the materials characteristics. Depending on the amount (or concentration) of the guest in the mesopore, the states of the guest vary from molecularly isolated to aggregated, and finally completely filled in the mesopore. By the adsorption of guest from solutions with different concentration, the amount of the guest occluded can be tuned as a result of chemical equilibrium. For the adsorption of cationic porphin into MCM-41, red-shifted absorption bands were observed at high loading level to indicate the aggregation of the guests adsorbed [144] . The state of the aluminum tris (oxine) complex occluded changed during wet-impregnation of the complex into mesoporous silicas [145, 146] . In addition to the possible pore size effects on the states of guest [147] [148] [149] , the loading amount is a possible parameter to affect the states (aggregation or isolation) of the guest. Polymers including dendrimers have been incorporated into mesopores by infiltration [150] [151] [152] . Size exclusion of dendrimers for the inclusion into a mesopore was achieved to show the possible separation of the dendrimer generation. By the infiltration of dendrimer containing metallic nanoparticles, the nanoparticles can be introduced into the mesopore with the dendrimer [152] . In such simple impregnation (infiltration) driven hostguest systems, where the host-guest interactions are relatively weak, there is a wide range of variations in the state of the guest. In addition to the host-guest chemical interactions, the size matching between the pore and the guest and the amount of the guest species included are possible concerns for the distribution (density and orientation) and diffusion of the guest species. Synthetic conditions (sample pre-treatment, solvent, reaction temperature, atmosphere, etc) are also important to affect the states of the guest species.
On the other hand, guest-guest interactions can be utilized to design such functions as polymerization, charge transfer and intermolecular reaction, including photoinduced ones. The photosensitized isomerization of stilbene by photoexcited 2,4,6-triphenylpyrylium cation co-adsorbed in MCM-41 was reported [153] . The introduction of the dyes into the mesopores was conducted by the impregnation from CH 2 Cl 2 solution of the dye and by the in situ synthesis of the dye in the pore. The chemical yield for the cis-stilbene was remarkably higher than those in homogeneous systems, showing the possible role of the mesopore of MCM-41 for controlled inter-and intra-molecular reactions as a result of appropriate placement (or controlled distance between two dyes) of two species (sensitizer and reactant) within the mesopore. The location of two dyes, intermolecular separation and diffusion, is thought to be concerned with the confinement effect on the photosensitization. In addition to the acceleration of the rates of energy transfer, the confinement of pyrene in mesoporous silica results in the changes of the equilibrium and kinetics of bimolecular reaction (excimer formation) in comparison to that in solution, possibly because of the modified diffusion and probability of the reaction [154] .
The introduction of a heteroelement into the siliceous framework can be applied to control the distribution of guest species. Cationic dyes such as methylene blue or cationic cyanine derivatives were adsorbed onto siliceous mesoporous silica films from solutions [155] , while the cationic azobenzene derivative, p-(ω-dimethyl-hydroxyethylammonioethoxy)-azobenzene bromide (abbreviated as AZ + ; figure 10), was not adsorbed effectively [156] . The effective adsorption of AZ + without aggregation was achieved by employing the mesoporous silica containing aluminum in the framework. There is a linear relationship between the amounts of AZ + adsorbed and the Al contents of the host mesoporous silica films, showing that the added Al substitutes Si to generate the negative charge (or acidic site) quantitatively for the adsorption of AZ + . To evaluate the states of Al in the mesoporous silica powders or bulk solids, various techniques including temperature-programmed desorption and 27 Al nuclear magnetic resonance spectroscopy have been employed. However, these techniques are difficult to be applied for the thin mesoporous silica films mainly due to the detection limit. The adsorption of basic dyes with large absorption coefficient and efficient photoluminescence quantum yield is a possible method for the quantitative evaluation of the acidic and cation exchange ability of the thin films [157, 158] . The adsorbed AZ + in the mesopore exhibited photochemical isomerization by UV and visible light irradiation. The ratio of the cis-isomer formed by UV irradiation at the photostationary state at room temperature was estimated to be ca. 70%. Considering the density of the guest species, there is enough free space for AZ + to isomerize even at the maximum loading level in Al-containing mesoporous silica films. Thus, it was demonstrated that the mesoporous silica films are possible nano-vessels for efficient photochemical reactions which required geometrical changes.
The introduction of Ca into the mesoporous aluminosilica powder resulted in the effective adsorption of an acidic dye, Lithol Rubin B [159] , while the driving force for the adsorption is not well explained. The light-fastness properties of the composites varied depending on the presence of Ca and the ways for the Ca introduction. Various dyes have been incorporated to test the stability [160] [161] [162] [163] . Aluminium-or iron-containing mesoporous silicas were used for the stabilization of flavylium dye [162, 163] . In addition to the possible role of the interactions between the pore surface and the dye, it was suggested that oxygen diffusion in the mesopore is concerned with the dye stability. From this respect, the remaining open space after the adsorption of the dyes should be optimized. Into the remaining open space, solution can be infiltrated as shown by the example of the clay-polymer system. Smectite-water soluble polymer was used to stabilize a cationic dye efficiently compared with that included in pristine polymer and that intercalated in pristine smectite [164] .
Photoinduced electron transfer from the adsorbed dyes (N-alkylphenothiazines or meso-tetraphenylporphyrin) to the mesoporous solids was investigated [165] [166] [167] . The efficiency of the photoinduced electron transfer and the stability of the photochemically formed species were varied depending on the heteroelements (titanium, aluminum and vanadium) in the framework of mesoporous silicas, moreover, the pore size and the alkylchain length of the N-alkylphenothiazines, indicating that not only the chemical properties of the surface but also steric configuration (the size of pore and adsorbed species) should be considered for controlling the photoinduced intermolecular reactions.
The surface modification with the silane coupling agents containing amino or cyano groups enabled the incorporation of the rare-earth complex [ 4 ] into mesoporous silicas. The adsorbed complex exhibited higher UV stability and longer excited state lifetime [168, 169] . Europium-doped yttria was prepared in SBA-15 with a pore diameter of more than 5 nm by impregnating aqueous rareearth nitrate solution and subsequent calcination, while the optical properties of the resulting products were reported to be disappointing from the viewpoint of luminescence quantum yield [170] . The surface modification of mesoporous silica with 1,4-butanediol suppressed the pheophytinization of chlorophyll a during the introduction [171, 172] . Among possible mesopore surface functionalization, the 'lizard template' proposed by Ariga Zhang et al is a unique from the viewpoint of creating a nanopore with designed functional units on the pore surface [173] . This was achieved by cocondensation of organosilicon compounds containing alanine residue with tetraethoxysilane and subsequent cleavage of the alkyl 'tail' by selective hydrolysis of the ester. As a result of the 'tail' removal, an open pore with the surface alanine residue was obtained. The porous materials were employed as a reactor artificial enzyme for the catalytic capability of unhydrolyzed materials on acetalization of a ketone [174] . Covalent bonding of photofunctional guest species to the mesopore surface has been conducted by copolymerization of tetraethoxysilane and dye-bound alkoxysilane in the presence of surfactant and subsequent removal of the surfactant [175] [176] [177] [178] [179] . The co-condensation of TEOS and 3-(2,4-dinitrophenylamino)propyltriethoxysilane in the presence of C 16 TAB resulted in the transparent yellow thin films and monoliths of dye bound silica-surfactant mesostructured materials. When this process was conducted within the regular voids of a colloidal crystal composed of monosized polystyrene spheres, hierarchically ordered dye-functionalized mesostructured silicas formed [176] . Ganschow et al synthesized dye (azo and rhodamine dyes) bound mesoporous silicas by a microwave-assisted hydrothermal reaction [178] . It was reported that the rapid microwave heating led the significant reduction of the synthesis time to prevent dye degradation during the preparation.
Fluorescein-bound mesoporous silica film was prepared by co-condensation of fluorescein isothiocyanate with 3-aminopropyltriethoxysilane and a block copolymer (F127) [179] . The resulting film showed pH-dependent photoluminescence intensity. The photoluminescence intensity changed in a few seconds upon the change in the pH. The fast response was attributed to the high porosity and the free space large enough for the diffusion of H + (OH − ) of the film. A similar pH sensor based on mesoporous organosilicas with 5,6-carboxyfluorescein as a pH sensing unit was obtained using patterned self-assembled monolayer with a selfassembling 'ink' approach [115] .
The replacement with the surfactant of silica-surfactant mesostructured materials is a way to incorporate the guest species in a mesopore [180] . Cationic species can be included into the mesoporous silica by replacement of cationic surfactant from silica-surfactant mesostructures. Poly(p-phenylenevinylene) was immobilized into mesoporous system by the template displacement and in situ polymerization [181] .
We have been interested in the adsorption of tris (2, 2+ ions adsorbed, which was shown by the efficient luminescence self-quenching. The luminescence was intensified dramatically upon hydration of the samples, suggesting that the aggregated [Ru(bpy) 3 ] 2+ ions were de-aggregated to be dispersed molecularly in the mesopore. Thus, the states of the guest species are affected not only by the host-guest interactions but also by the co-adsorbed species. This is an important difference between the host-guest systems with (described in section 2 of the present review) and without (described here in section 3) open nanospaces for the easy access and diffusion of other various molecular species.
[Ru(bpy) 3 ] 2+ -containing FSM (which was formed by the reaction of a layered silicate kanemite with alkyltrimethylammonium salts, with the hexagonally arranged cylindrical mesoporous structure similar to MCM-41) was used as a photocatalyst to oxidize benzene to phenol [183] . For the optimized performance of this kind of molecular catalyst immobilized in porous solids, such characteristics as the access and diffusion of reactants and products, and the efficiency of activation (photo-excitation) are important concerns. Host-guest interactions and guest-guest interactions of the immobilized molecular catalysts should be carefully tuned in order to achieve the designed distribution of the catalytically active sites on the mesopore surface. As a result of the controlled distribution, which will be related to the efficiency of the excitation and stability of the excited states, and the access and diffusion of reactants and products, the efficiency of the reaction will be optimized. Taking these points into consideration, we have extended the host-guest systems composed of [Ru(bpy) 3 ] 2+ and mesoporous silicas using modified mesoporous silicas [187] [188] [189] [190] . The surface density (or concentration) of the molecular catalyst ([Ru(bpy) 3 ] 2+ ) has been controlled within 0.8 μ mol m −2 mesopore surface or 1.0 mol L −1 mesopore pore volume not only by the varied loading of molecular catalyst but also by the surface density (or concentration) of immobilized functional unit (sulfonated phenyl group), which interacts with the molecular catalysts). As mentioned above, these characteristics are important to design the open space for the access and diffusion of reactants and products and the efficiency of activation (photoexcitation).
The application of mesoporous silica as proton exchange membrane has been a topic of interest [191] [192] [193] [194] . In order to control the useful proton conducting properties, various hostguest systems have been developed. Such acidic functionalities as imidazole [195] , sulfonic acid [194, 196, 197] , phosphonic acid [198] and hetelopolyacid (HPA) [199] [200] [201] [202] [203] [204] [205] have been immobilized in the mesoporous silicas. Among acidic functionalities immobilized in mesoporous silicas, HPA is one of the most promising candidates. HPAs are known ionic conductors and hybridization has been conducted for proton exchange membrane [206] and catalyst [207] applications. Jiang et al reported the application of HPA immobilized mesoporous silica hybrids as a fuel cell separator. They applied two methods for the sample preparation; one is one-step method where precursors of HPA, TEOS and structure directing agent (P123) was solidified by condensation [202] [203] [204] [205] , and the other is impregnation of HPA into pre-synthesized mesoporous silica [199] [200] [201] . In the latter case, the impregnation of HPA into mesoporous silica was conducted under a vacuum, i.e. vacuum-assisted impregnation (VIM). It was claimed that the VIM has advantages to achieve homogeneous distribution of HPA in the mesopore if compared with those prepared by the conventional impregnation method. The immobilization method is also important to control the spatial distribution of guest species in the mesopore.
The spatial distribution (location, density and orientation) of polar guest species in the nanospace plays important roles for the nonlinear optical property. Nonlinear optics (NLO) comprises the interaction of light with matter to produce a new light field which is different from incident light in wavelength or phase, including frequency mixing processes (sum harmonic generation, optical parametric amplification, optical parametric generation), optical Kerr effect etc. For the production of NLO materials based on the host-guest systems, it is required to control the orientation of the guest molecule at a microscopic level. p-Nitroaniline (pNA) was introduced into MCM-41 and boron-doped MCM-41 to obtain second harmonic generation (SHG) materials (SHG is a nonlinear optical process which converts two input photons into a single output photon at twice the input frequency) [208] . The SHG activity was evaluated for the powder sample immersed in silicone grease to be deposited as a thin film between two glass plates. The products exhibited SHG, indicating that the pNA molecules arranged in a manner without centrosymmetry in the cylindrical mesopore. For the NLO applications of the host-guest systems, the density of guest species is important from the viewpoints of the stronger response as well as the anisotropic orientation of the dye in the one-dimensional mesopore. For the practical application of the NLO device based on mesoporous materials, samples in the form of thick films and bulk samples with appropriate optical quality are desirable.
The adsorption of a monomer and subsequent polymerization of the monomer in the mesopore have been investigated. Poly(aniline) and poly(acrylonitrile) were synthesized in MCM-41 with the pore diameter of 2.5 nm [209] [210] [211] . Nguyen et al reported the introduction of poly[2-methoxy-5(2′-ethoxyhexloxy)-1,4-phenylenevinylene] (figure 11) into a mesoporous silica with 2.2 nm pore diameter [212, 213] . The host mesoporous silica was prepared under magnetic field to align the pore direction, in order to control the ordering of the incorporated the poly(phenylenevinylene). Polymer was incorporated from solution and the resulting material was index-matched in a glycerol/propanol mixture to suppress scattering for the optical measurements. The dynamics of the excited states were studied by using steady-state and time-resolved polarized luminescence spectroscopy. The excitations migrate unidirectionally from aggregated and randomly oriented polymer chains located outside the pore to isolated and aligned polymer chains within the pore. It was shown that the intra-chain energy migration occurred more slowly than inter-chain Förster energy transfer.
Hierarchical structural design
Anisotropy of the guest species included in mesoporous materials has also been a topic of interest toward three dimensionally controlled geometry of the host-guest system. This kind of research became available after the progresses of hierarchically controlled mesostructure preparation and characterization [35, 36, [41] [42] [43] [44] [45] [46] [214] [215] [216] [217] . One-dimensionally oriented cylindrical mesopore in the macroscopically oriented film has been reported [36, 41, 214] . Mesoporous silica films with a preferential orientation of mesopores were obtained using a continuous-flow reactor as evidenced from scanning electron microscopy images of the substrate surface [45] . Bulk mesostructured silica with high degree of macroscopic alignment was synthesized by utilizing capillary flow or parallel plate shearing [23] . Ordered mesoporous silica films with the oriented mesochannels perpendicular to the film plane were obtained by electrochemically assisted method [215, 216] , by applying magnetic fields [46] and by simple deposition on a substrate from Stöber solution [217] . Taking advantage of the one-dimensionally oriented cylindrical mesopores, various guest species, including dyes [218] , semiconductor polymers [219] [220] [221] [222] [223] , and nanoparticles [224, 225] , have been introduced into them to show anisotropic properties. Anisotropic cyanine dye aggregation has been observed in oriented mesoporous silica film [218] . Due to the strong tendency of the dye to form aggregate, the concentration of the dye is not an important parameter for the orientational order in this case. When the dye loading was low, the dyes form aggregate in some part of the mesopore. The spatial distribution of the aggregate may be a next target to be investigated because the communication of the aggregates (confined electron) with adjacent dye aggregates or the pore surface can be used to obtain hierarchically designed hybrid materials.
In addition to the films, pore geometries of well-defined (and anisotropic) particles have been a topic of interest. As to the mesoporous silica spherical particles, Yano and Fukushima reported the radially arranged one-dimensional pore [226] , which can be used for the anisotropic guest inclusion. The mesopore interconnected with micropore or interporeneck [227] [228] [229] made the discussion on the location and diffusion of the guest species more complicated. In addition, well-defined platy-and disk-shaped hollow particles became available [230, 231] . Not only the shape and the size of the dual pore systems, but also the surface can be modified selectively in order to construct hierarchically designed hostguest systems with possible guest distribution and diffusion.
Conclusions and future perspectives
Due to the ability of mesopores to accommodate various kinds of guest species, the variations in the host-guest systems are huge, which accounts for the rich materials chemistry on this topic. The structures are determined by the selection of host and guest and the interfacial design of hostguest interactions. The location of guest species varies: at the external/internal surface, inside the pore, at the entrance to the pore, and within the framework. For each possible location, the homogeneity, density and orientation of the guest species should be considered in multi-length scales. The spatial distribution (location, density and orientation) and host-guest interactions affect the diffusion and stability of the guest species, which are worth investigating further [232] . The conditions to prepare and to characterize the host-guest materials are basically important for the reliable and reproducible results as well as possible optimized performances.
Possible applications of host-guest complexes of mesoporous silicas proposed include catalyst, adsorbent, drug carrier, sensor and photonics. The spatial distribution of guest species (or functional units) can be designed to initiate desired reactions in catalyst applications, to bind target species strongly in adsorbent applications, to accommodate drug molecules in drug delivery applications, to react with target molecules selectively in sensing applications, etc. Accompanied by the accommodation of functional units/guest species, the remaining nanospaces after the attachment of functional units or the inclusion of guest species should be considered geometrically, topologically and chemically for efficient diffusion of reactants and products (before and after the catalytic reaction) and adsorbates (during adsorption), for controlled up-take and release of drug (in drug delivery) and for possible molecular recognition (in sensing). In addition, the dynamic behavior of the functional units on the pore surface, which change its conformation and position to fit the resulting host-guest complexes in more stable states (induced fits), has been examined recently [233] [234] [235] .
Besides the organic compounds, inorganic nano-species such as heteropolyacids, semiconductor nanoparticles and nanocarbons have been encapsulated in the mesoporous silicas. The host-guest complexes of mesoporous and mesostructured transition metal oxides and sulfides, metals, carbons and polymers have an opportunity to which mesoporous silicas do not have access. Thus, utilizing a supramolecular templating strategy can provide a huge variety of nanostructured materials from diverse building units including both host and guest. The unlimited variations and possibilities in the construction of the host-guest systems derived from the mesoporous and mesostructured materials will be investigated for the practical applications, where precise design of the structures (both static and dynamic) of host-guest complexes are of great importance.
